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Abstract
At the beginning of the previous century, Newtonian mechanics fell victim to two new rev-
olutionary theories, Quantum Mechanics (QM) and General Relativity (GR). Both theories
have transformed our view of physical phenomena, with QM accurately predicting the results
of experiments taking place at small length scales, and GR correctly describing observations
at larger length scales. However, despite the impressive predictive power of each theory in
their respective regimes, their unification still remains unresolved. Theories and proposals
for their unification exist but we are lacking experimental guidance towards the true uni-
fying theory. Probing GR at small length scales where quantum effects become relevant is
particularly problematic but recently there has been a growing interest in probing the oppo-
site regime, QM at large scales where relativistic effects are important. This is principally
due to the fact that experimental techniques in quantum physics have developed rapidly
in recent years with the promise of quantum technologies. Here we review recent advances
in experimental and theoretical work on quantum experiments that will be able to probe
relativistic effects of gravity on quantum properties, playing particular attention to the role
of Quantum Field Theory in Curved Spacetime (QFTCS) in describing these experiments.
Interestingly, theoretical work using QFTCS has illustrated that these quantum experiments
could be used to enhance measurements of gravitational effects, such as Gravitational Waves
(GWs). Furthermore, verification of such enhancements, as well as other QFTCS predic-
tions in quantum experiments, would provide the first direct validation of this limiting case
of quantum gravity, several decades after it was initially proposed.
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1 Introduction
We all have an intuitive notion of what time and space are. In our experience, time flows and
we see objects occupying a place in space. The physics of these scales of space and time that we
experience are described by Newton’s laws. The fundamental workings of amazing technologies,
such as computers and mobile phones, are all based on these classical laws.1 Interestingly, at
different space and time scales, reality seems very different and it is not in harmony with our
experience. On the one hand, physical laws are governed by GR at large spatial scales, while on
the other hand, QM rules the microscopic world.
These theories have been extensively demonstrated by experiments. The state of systems, such
as atoms and electrons, is governed by the wave-function, according to which quantum systems
can occupy different positions at the same time.2 Another property of quantum systems is
that multipartite systems can be in entangled states in which measurements in one system
1For example, a computer relies on classical information theory and stores information in binary bits so that,
even though an understanding beyond Newtonian physics is required to manipulate certain components of the
technology that are used to carry out the classical information tasks, the computer is fundamentally based on
classical concepts.
2This is just one of many possible interpretations of the physical meaning of the wave-function.
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immediately affect the state of the other systems. A question of great interest in the field of QM
is at which point physical systems lose their quantum properties and start behaving classically.
Typically, systems consisting of a large amount of particles behave classically. However, in the
case that such particles are at very low temperatures, they can exhibit quantum behaviour. This
is the case of Bose-Einstein condensates (BECs): they consist of around 106 atoms cooled down
to the nano-Kelvin regime. Excitingly, we are now entering a new era in which we are starting
to develop technologies based on the physics of the microscopic world. Quantum technologies,
including quantum communication and quantum metrology, have become popular because they
enable us to achieve tasks that are not possible in a classical context. The last decades have
seen accelerated development of these technologies, including the control of systems for which
Haroche and Wineland were awarded the 2012 Nobel Prize in Physics.
Let us now discuss physics at large length scales. In GR, space and time form part of a more
general structure that is four-dimensional and is called spacetime. Contrary to our experience,
where space and time are absolute notions, spacetime is relative. Einstein taught us that the
notion of spacetime could help us understand gravity as the curvature of spacetime produced by
the presence of energy. GR also predicts the existence of Gravitational Waves (GWs). These are
spacetime distortions produced by certain accelerated energy distributions, such as supernova
explosions or moving black holes. After almost one hundred years since they were first predicted,
GWs were finally observed for the first time this year by the Laser Interferometer Gravitational-
Wave Observatory (LIGO) in a milestone moment in physics [1]. However, we are still lacking
experiments that help us understand GR at small lengths or large energies where quantum
effects become relevant. Our understanding of the interface of these two fundamental theories
is incomplete and the inability to unify them remains one of the biggest unsolved problems in
physics.
Understanding GR at small length scales where quantum effects become relevant is a highly
non-trivial endeavour that suffers from a lack of experimental guidance. An alternative ap-
proach is to study quantum effects at large scales where experiments promise to be within reach
in the near future. For example, one could study whether entanglement is affected by general
relativistic effects such as time dilation in a gravitational field. Indeed, quantum experimental
techniques have developed quickly in the last decades and are now reaching relativistic regimes.
This is illustrated, for example, by quantum teleportation being successfully implemented across
143 km in the Canary islands, and long-range quantum experiments are under way to distribute
entanglement across thousands of kilometres between Earth and satellite-based stations. At
these regimes relativistic effects kick in. For example, the Global Positioning System (GPS), a
system of satellites used for time dissemination and navigation, requires relativistic corrections
to determine time and positions accurately. However, we know very little about how gravity and
motion affect quantum properties, such as quantum coherence and entanglement, that are used
in quantum technologies. Relativistic regimes are being reached not only by space-based exper-
iments but also through boundary conditions moving at relativistic speeds in superconducting
circuits. These systems have been used to demonstrate relativistic quantum field effects in flat
spacetime such as the Dynamical Casimir Effect (DCE). Furthermore, extremely high precision
in quantum experiments has also enabled experimentalists to reach relativistic regimes by, for
example, being able to prove time dilation at distances as small as a few cm where previous
experiments assumed spacetime to be flat. By being able to measure space and time more pre-
cisely using quantum systems, we will soon be able to probe new regimes where new physics
might emerge.
In order to predict the results of quantum experiments at relativistic regimes we require a
consistent theoretical framework. Fortunately, we do have a theory that enables the study of the
overlap of these theories at low energies. This is QFTCS and describes the behaviour of quantum
fields in a classical curved spacetime. Predictions of the theory include Hawking radiation and
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particle creation by an expanding universe. There are also analogous effects such as the Unruh
and DCE generated from QFT in flat spacetime with accelerating reference frames. Although the
latter flat spacetime effect was demonstrated in 2011 using superconducting circuits [2], QFTCS
still awaits experimental demonstration despite most paradigmatic predictions of the theory
being over three-decades old. Due to obvious difficulties in demonstrating Hawking radiation
and particle creation by an expanding Universe, several groups have been working in analogue
demonstrations of these effects. In analogue gravity, researchers find ways of reproducing the
basic features of the theory in systems such as BECs, water waves, non-linear optical waveguides
and superconducting circuits. These experiments cannot strictly falsify QFTCS since they are
based on analogue effects, instead they are probing the mathematics of the theory and can
only find potential clues to the breakdown of the physical theory. However, new proposals using
QFTCS have identified real spacetime effects on quantum fields that could, in principle, be within
experimental reach. As well enabling a number of experiments in the overlap of quantum theory
and GR, this will ultimately also lead to the development of technologies that are compatible
with spacetime while exploiting both quantum and relativistic effects. These technologies have
so far been suggested to be, in principle, implementable in BECs, superconducting circuits and
free space quantum communication experiments. For example, recent results have suggested that
the phononic field of a BEC is particularly well-suited to measure spacetime effects. Although
BECs can be as small as one micrometer, they can be cooled down to a few nano-Kelvin where
they not only exhibit fascinating quantum behaviour but are also, surprisingly sensitivity to
very weak spacetime changes. This new observation enables the possibility of developing a
microscopic device capable of probing spacetime effects directly. Technology of this kind would
open a new window promising to provide deeper insights about our Universe through gravity.
A principle aim is to use these effects on a BEC to develop a GW detector capable of detecting
spacetime distortions produced by merging neutron stars and black holes as well as rotating
neutron stars and pulsars. This would offer a much cheaper and practical GW detector than
the current state of the art. Multiple GW detectors could then be used by various experimental
groups, allowing for improved validation of the signal through simultaneous measurements, as
well as superior positioning of the source of the signal.
The main aim of these relativistic quantum technologies is to develop new designs that not only
exploit quantum properties but also take advantage of, or incorporate, spacetime effects. These
new devices are being actively investigated in the research field of relativistic quantum infor-
mation and metrology. In this field, research groups try to develop quantum technologies that
are compatible with relativity, and some ideas for using relativistic effects to improve quantum
technologies, such as quantum measurement technologies [3], have surfaced. The application of
relativity in the development of new technologies has remained less explored than its quantum
counterpart, but these new proposals illustrate the potential benefits that can be gained from
utilising relativity.
The rest of this work is organized as follows. In Section 2 we review quantum experiments
that are approaching regimes in which relativistic effects due to gravity will become relevant.
In general, these experiments are designed and described using non-relativistic QM. However,
in Section 3 we discuss the motivation for moving to a QFTCS framework to describe such
experiments. We also discuss other motivations for working with QFTCS, such has how this
creates new possibilities in technology and how it could shed new light on answering fundamen-
tal questions relevant to quantum gravity. The theoretical work that has illustrated the need
for using QFTCS is then reviewed in more detail in Sections 4-5. Specifically, in Section 4 we
review recent works in QFTCS that have shown how the performance of certain quantum infor-
mation protocols can be affected by relativistic effects, requiring corrections to be made to the
predicted outcomes of the experiments. The measurement of such effects would also represent
an observation of QFTCS and, in the same section, we additionally review proposals that have
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been purposely designed to illustrate these effects using current technology rather than relying
on future experiments designed to advance quantum technology. Section 5 then reviews recent
proposals based on QFTCS that demonstrate how a new type of technology could be developed
that exploit the relativistic effects, in contrast to current quantum technologies that would see
the effects as a hindrance to their design. As well as providing greater performance than their
non-relativistic counterparts, the implementation of such devices would also provide an obser-
vation of QFTCS effects and offer further insight into the interplay of quantum physics and
GR. Finally, in Section 6, we conclude this review and discuss future prospects. While this is
not an exhaustive review of theoretical and experimental works related to relativistic effects on
quantum properties, we hope that it provides an overview of the current status of this exciting
field, and that it may inspire new research.
2 Quantum Experiments Approaching Relativistic Gravity Regimes
In this section we review quantum experiments that are approaching regimes where quantum
properties will be modified by relativistic effects of gravity. Generically, these quantum exper-
iments are approaching such regimes because they involve large distances and implement high
precision techniques. Studying relativistic effects however is not, in general, the principal moti-
vation behind the development of most of these quantum experiments. Instead the experiments
are primarily designed to advance quantum technology and its applications, such as the quan-
tum internet, navigation, geophysics and GW astronomy. Otherwise they have been designed to
advance our understanding of fundamental physics, such as a modifications to quantum theory
at large scales, or the quantization of gravity.
In the following subsections we review the following types of quantum experiments that are
approaching relativistic gravity regimes: large-scale experiments that are designed to advance
quantum communications; experiments using ultra-precise quantum clocks; quantum technolo-
gies that are being used in gravitational metrology; quantum experiments that can detect GWs;
quantum experiments that are specifically searching for deviations from GR; experimental pro-
posals designed to search for quantum gravity using massive quantum systems; and quantum
experiments that have exhibited the DCE, which is an analogue of effects due to curved space-
time.
2.1 Long-range Quantum Communication Experiments
A primary goal of quantum technology is to develop a global quantum communications net-
work and, ultimately, a quantum internet, which would provide an exponential speed-up in
distributed computation and be impenetrable to hackers. To achieve this goal it is likely that
quantum systems will need to operate over large distances such as that of the Earth to satellites.
These are length scales where the relativistic nature of the Earth’s gravitational field already
needs to be taken into account in classical technologies such as GPS signalling. Therefore, one
would naturally expect that relativistic effects on quantum properties of long-range quantum
communications experiments will also need to be considered. Indeed, in Section 4, we review
theoretical works which demonstrate that these effects could be crucial to the workings of such
experimental setups.
An important step in the realisation of a global quantum communications network was made
in 2011 when the group led by Anton Zeilinger distributed entanglement across a 144 km free-
space link between Canary islands La Palma and Tenerife [4, 5]. This set the record for the
distance achieved for quantum entanglement and teleportation, and provided the benchmark
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for an efficient quantum repeater, which could be placed at the heart of a global quantum-
communication network. In collaboration with the Chinese Academy of Sciences (CAS), the
group is now planning to demonstrate satellite-based quantum teleportation, which is anticipated
to take place later this year.
Quantum transmission is also being investigated between the Earth and a satellite. In particular,
in 2015 a single photon exchange was performed from a medium Earth orbit satellite to the
ground station at the Matera Laser Ranging Observatory [6, 7]. In this setup, a single photon
source in orbit was simulated by emitting a train of laser pulses with average photon number per
pulse close to one, which were then reflected back at the single photon level from the satellite.
The repetition rate of the laser pulses was 100 MHz and the satellite was at more than 7000 km
of slant distance. As well as providing a further step towards a global communication network,
this experiment also opens up the potential for fundamental tests of Quantum Mechanics with
moving frames, and [7]. Furthermore, with an upgrade of the detector on ground, the group
claim that it would be possible to achieve quantum communication for up to 23000 km [7]. In
2015 the group also demonstrated interference at the single photon level along satellite-ground
channels in a step towards observing the gravitational phase shift between a superposition of
two photon wave packets in a large distance quantum optics experiment in space [8].
Many other groups are working on quantum communication between Earth and satellite links.
For example, the Institute for Quantum Optics and Quantum Information (IQOQI) in Austria
is planning on performing quantum optics experiments, such as a Bell-type experiment with an
entangled pair of photons, using an optical ground station (OGS) and the International Space
Station (ISS) [9]; the quantum information processing group (QIV) at the Max Planck Institute
for the Science of Light (MPL) is investigating quantum communication experiments between
the Teide Observatory on Tenerife and the Alphasat I-XL satellite at around a separation of
36000 km [10]; the Centre for Quantum Technologies (CQT) group at the National University
of Singapore, together with the Satellite Research Centre at Singapore’s Nanyang Technological
University, is investigating a Small Photon-Entangling Quantum System (SPEQS) that will be
set into orbit on a type of small satellite known as a CubeSat and be used as a testbed for technol-
ogy for future quantum communication networks [11–13]; the National Institute of Information
and Communications Technology (NICIT) in Japan is studying a microsatellite mission called
SOCRATES with a goal to experiment with Quantum Key Distribution (QKD) techniques using
a Small Optical Transponder (SOTA) on board a small satellite and an optical ground station
located at NICT [14]; the Institute for Quantum Computing (IQC) at the University of Water-
loo, in collaboration with industry partners, have proposed a microsatellite mission Quantum
Encryption and Science Satellite (QEYSSat) to demonstrate the generation of encryption keys
through the creation of quantum links between ground and space, and to conduct fundamental
science investigations of long-distance quantum entanglement [15]; and the Chinese Academy of
Sciences (CAS) is investing heavily in projects on long-distance satellite and ground quantum
communications [16], for example, see [17].
2.2 Quantum Clocks
The previous section reviewed quantum experiments that operate over large enough distances
such that effects from the gravitational field of the Earth start to play a role. However, with
increasing precision of an experiment, the length scales over which one must consider general
relativistic effects will significantly reduce. This was dramatically demonstrated in the optical
atomic clock experiment performed by the group of David Wineland where the time dilation due
to the Earth’s gravitational field was observed over a change of height of just 33 cm [18]. This
was achieved by comparing the frequencies of two Al+ clocks at two sample height differences.
However, although these type of aluminium-based clocks demonstrate remarkable accuracy, they
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are currently not the most accurate time keepers. Instead optical lattice clocks currently hold
this mantle with a 87Sr optical lattice clock showing a total uncertainty of 2.1×10−18 in fractional
frequency units [19]. This would correspond to a measurable gravitational time dilation for a
height change of just 2 cm on the Earth [19].
In addition to time dilation due to the Earth’s gravitational field, the aluminium-based atomic
clock was also used in a separate experiment to simulate the twin paradox and to observe time
dilation for relative speeds of less than 10 ms−1. For this experiment the two ion clocks were
placed in different labs, spaced 75 m apart and connected via a stabilized optical fibre. One atom,
the one corresponding to the travelling twin, was then set into an oscillating motion around its
equilibrium position. Time dilation for this motion leads to a fractional frequency shift for the
moving clock, which was found to be in agreement with that expected from relativity.
It is remarkable that general relativistic effects can be seen at such small length scales where
one would naturally expect spacetime to appear completely flat, illustrating the power and
precision of current technology. Furthermore, these length scales are expected to reduce in the
near-term with future major developments such as the utilisation of quantum correlations and
implementations in space. In the former case, entanglement could be used to enable quantum
clocks operating close to the Heisenberg limit [20], the ultimate fundamental bound imposed by
QM, whereas, in the latter case, space-based operations would significantly reduce noise, allowing
for new applications in fundamental physics, geophysics, astronomy and navigation.
The results from these experiments can so far be explained by modelling the clocks as classical
point-like, time-keeping systems in a relativistic gravitational field. However, in Section 4 it is
argued that, as the precision continues to improve, and as quantum correlations such as entan-
glement begin to be utilized, relativistic effects will start to influence the quantum properties
of quantum clocks such that the results of experiments cannot be solely explained using this
semiclassical approach. As well as modifying the precision of quantum clocks, this would also
enable such clocks to be used as probes to study relativistic effects on quantum properties. In
principle, the most appropriate and accurate theory for describing these quantum clock experi-
ments that operate in relativistic regimes is QFTCS rather than non-relativistic QM since time
is absolute in the Schro¨dinger equation, which is a notion that is incompatible with the concept
of time dilation.
2.3 Gravitational Metrology Using Quantum Systems
In the last few decades quantum technology, specifically atom-interferometry, has transformed
the field of gravitational metrology. In particular, atom interferometers have found major ap-
plications in precise measurements of gravitational acceleration [21–23], gravity gradients [24,
25] and as gyroscopes [26, 27]. These experiments all utilize the wave nature of atoms by send-
ing them through an interferometer and measuring the difference in phase induced by different
gravitational potentials, an effect that was first demonstrated with neutrons in the Colella-
Overhauser-Werner (COW) experiment in 1975 [28]. For example, in a trend-setting experiment
by Guglielmo Tino (LENS) [29], the change in the gravity gradient (known as the ‘curvature’)
of the gravitational field induced by test masses arranged around the experimental setup was
measured using three atomic interferometers in parallel. The experiment used cold 87Rb atoms
and relied on the combination of three vertical Mach-Zehnder interferometers implemented via
Raman beams. Three clouds of cold atoms with a temperature of ∼ 4µK were prepared in a
superposition of the F = 1 and F = 2 states using counter-propagating Raman beams. The
three clouds were then launched to different heights such that each trajectory corresponded to
an interferometer with a different length. They obtained a gravity curvature of ≈ 1.4 × 10−5
s−2m−1 for the arranged test masses, which are well-characterized tungsten weights with a total
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mass of about 519 kg, and this agreed with a Monte-Carlo simulation to an accuracy on the per
mill level.
Another example is the large scale Matter-Wave laser Interferometer Gravitation Antenna
(MIGA), which consists of several spatially separated atom interferometers horizontally aligned
and interrogated by a common laser field inside a 200-meter-long optical cavity. This detector is
currently being built in a low-noise underground laboratory in France [30, 31] and is designed to
provide measurements of sub Hertz variations of the gravitational strain tensor. Such light-pulse
atom interferometers have demonstrated great potential as highly accurate quantum sensors, and
recently a representation-free description of such devices was achieved that should allow future
studies to consider arbitrary trajectories and varying orientations of the interferometer setup in
non-inertial frames of reference [32].
Note that these atom interferometer experiments are testing for the effects of gravity on quan-
tum properties of the system, namely quantum coherence. To date only effects that are fully
accountable using Newtonian gravity have been observed. However, major advances in the pre-
cision of these devices are expected in the future with, for example, the exploitation of highly
entangled states. There are also plans to use atom interferometers in space since certain ground-
based systematic effects will be suppressed, allowing for improved sensitivity of the devices by
orders of magnitude [33, 34]. With these advances, effects from GR could become observable
and would then need to be accounted for in their operation. In the next Section, however, we
review proposals that are specifically designed to observe and test GR effects using quantum
systems based on atom interferometry.
2.4 Testing General Relativity With Quantum Systems
Atom interferometry is now starting to reach a precision such that it could, in principle, be
used to test GR [35–38]. Measurable effects of GR could include non-linear effects; velocity
dependent forces; the equivalence principle; the Lense-Thirring effect; and GWs, the latter of
which will be discussed in the following section. In [36, 37], atom interferometry tests of GR
were motivated by comparing certain GR and non-relativistic effects to determine if, in princi-
ple, the former could be distinguishable from the latter. Light-pulse atom interferometry was
promoted to a relativistic setting with both the atoms and the light treated relativistically and
all coordinate dependencies removed. In particular, a semiclassical description was used where
the free propagation of the atoms and the light was treated classically such that, in analogy
with non-relativistic calculations, the propagation phase is proportional to the classical (but
now GR) action, whereas the atom-light interaction is interpreted using non-relativistic QM
but described in a covariant manner. The atom interferometry was assumed to be placed in
a Schwarzschild metric created by the Earth with a post-Newtonian expansion of the metric
utilized since the Earth’s gravitational field is weak. This post-Newtonian expansion was pa-
rameterized such that any effects beyond GR could be investigated. Relativistic effects that were
studied include non-linear terms, gravity from the atom’s kinetic energy, and the falling of light.
The non-linear and velocity dependent effects were found to be measurable with an effective
strength of 10−15g, and it was argued that such small accelerations could still be observable by
implementing particular setups such that these relativistic effects can be isolated from the total
phase shift. For example, magnetic shielding, a rotation servo to null the Earth’s rotation rate,
strategically placed masses, and multiple atom interferometers in different configurations could
be employed. Furthermore, with advancements such as using entangled states and increasing the
length of atom interferometers, it was argued that it would be possible to improve the precision
by several orders of magnitude and exceed that of present astrophysical tests of GWs. In [37],
other metrics were also assumed, such as those created by a rotating planet and the expansion
of the Universe, to determine if additional effects could be measurable (e.g. the Lense-Thirring
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effect, which was also discussed in [35]).
Using atom interferometry to test GR would, in principle, demonstrate relativistic effects on
quantum properties since they utilize quantum coherence. However, atom interferometers could
also be used to illustrate how GR affects quantum properties in a rather different setting: in
[39] an atom interferometer experiment was proposed where time dilation induced by different
gravitational potentials in the two arms of the experiment should, in theory, lead to a loss in
visibility of the quantum interference pattern for the two paths. What makes this experiment
unlike standard atom interferometer setups exploring gravity is that an intrinsic time-evolving
degree of freedom of the matter-wave is used as a clock [39, 40], making time a ‘which path’
witness. There must, therefore, be a loss in the contrast of quantum interference due to Bohr’s
complementarity principle, leading to an interesting interplay between spatial and temporal
degrees of freedom in the interference process. A proof-of-principle experiment was carried out
for this type of proposal last year [41]. This experiment consisted of a 87Rb BEC where the
mF = 1 and mF = 2 sublevels of the F = 2 hyperfine state were used for the clock. This clock
ticks too slowly to observe time dilation and instead a vertical magnetic-field gradient is used to
simulate a gravitational field by driving the clocks out of phase. As anticipated, when the clocks
are made to tick at different rates, there is a loss in the visibility of the interference pattern.
To test GR, however, certain hurdles will need to be overcome [42]. Once this is achieved it
would allow for experiments that are able to explore certain aspects of the interplay of GR and
QM, such as the differing roles of time in the two theories, and if gravity has any role in the
transference from the quantum to the classical world [43].
An optical version of this type of experiment has also been proposed where a single photon is
used rather than an atom, and the function of the ‘clock’ is given by the photon’s position along
the interferometer’s arm [44]. Then, if the difference in the time dilations is comparable with the
photon’s coherence time, there would also be a loss in the visibility of the quantum interference
brought about by the different paths. An advantage that this scheme has over using an atom
interferometer is that even the measurement of the gravitationally induced phase shift would be
of relevance since Newtonian gravity should not couple to a strictly massless system.
Note that all of these proposals use a framework of non-relativistic QM evolving via the Schro¨dinger
equation but with time, space, and any external gravitational fields displaying properties of GR.
For example, an atom would be described as a quantum system that evolves via the Schro¨dinger
equation (and is not considered to be an excitation of a quantum field) but with the temporal
variable that enters into the Schro¨dinger equation undergoing time dilation due to an external
non-uniform gravitational field. This fundamentally differs to the proposals that are outlined
in Sections 4-5 which use the framework of QFTCS and can consider extended rather than
point-like systems.
Although tests that can distinguish GR from Newtonian gravity have not so far been carried
out with atom interferometers, these devices have been used to test the Equivalence Principle
(EP) [45–48]. These have so far been laboratory-based investigations but space missions with
significantly improved precision have also been proposed. For example, the STE-QUEST satel-
lite mission, although not not ultimately selected by the European Space Agency (ESA), was
designed to test for the universality of free fall of matter waves by comparing the trajectory of
two Bose-Einstein condensates of 85Rb and 87Rb [49]; and the QTEST (Quantum Test of the
Equivalence principle and Space Time) mission has been designed for the International Space
Station (ISS) and will use two rubidium isotope gases with a precision that is two orders of
magnitude superior to the current limit on EP violations, and six orders of magnitude better
than similar quantum experiments demonstrated in laboratories [50].
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2.5 Gravitational Wave Detectors Using Quantum Systems
GWs were finally discovered by LIGO earlier this year after decades of experimental work carried
out by more than a thousand scientists and engineers [1]. The GWs were detected in the
interference pattern created by a laser interferometer that used a power-recycled Michelson
interferometer with Gires-Tournois etalon arms of 4 km length. The device is currently sensitive
enough to be able to detect a change in the distance between the solar system and the nearest
star to just the thickness of a human hair. However, plans are currently under way to upgrade the
device to further improve the precision. This will be made possible by, for example, exploiting
quantum properties such as squeezing the laser light [51, 52]. In this case a quantum system
would be used to probe purely relativistic effects with breathtaking accuracy.
Apart from LIGO there are many other schemes designed to measure GWs. Typically these
either employ large optical interferometers similar to LIGO, or follow the pioneering experiments
of Weber by utilising large metal (Weber) bars [53]. In the past few years there have also been
proposals to use atom interferometers for the detection of GWs.For example, very recently the
group of P. Bouyer has suggested using a chain of atom interferometer based gradiometers for the
detection of GWs with frequencies between 0.3 - 3 Hz [54]. This particular regime has so far been
inaccessible to earth-based GW detectors due to the influence of fluctuations in the terrestrial
gravitational field, the so-called Newtonian noise (NN). The suggested experiment overcomes this
noise by utilising an array of atom interferometers in an appropriate configuration such that the
noise can be rejected and the GW signal can be extracted by averaging over several realizations
of the NN. The separation chosen between the individual atom interferometers determines the
Newtonian noise rejection efficiency. For a baseline length of 16.3 km, 80 gradiometers, and
separations of δ = 200 m, they predict an optimum sensitivity of 3× 10−23/√Hz for a frequency
of 2 Hz.
There have also been proposals to use atom interferometers in space for detecting GWs [55, 56].
For example, the proposal in [56] positions two light-pulse atom interferometers in separated
spacecrafts with the relative acceleration measured using a Mach-Zehnder type configuration.
The interferometers are operated with local lasers, which are phase-stabilized to a third laser
beam linking the two spacecrafts. With separations of two spacecrafts on the order of 106 m, a
passing GW would then affect the laser beam linking the two spacecrafts to a measurable level
by creating a relative phase-shift between the two light pulse atom-interferometers.
In addition to atom interferometers, theoretical and experimental progress has also been made
in developing superconducting microwave cavities for the detection of GWs. The Microwave
Apparatus for Gravitational Waves Observation (MAGO) is based on the concept that a GW
could induce an energy transfer between two levels of an electromagnetic resonator [57], where
the two levels are obtained in this case by coupling two identical high frequency spherical su-
perconducting cavities. The whole setup is only of the order of a metre long and works in the
frequency range 103-104 Hz, offering a relatively cheap proposal to investigate the high frequency
(f & 4× 103 Hz) GW spectrum.
2.6 Massive Quantum Systems
The previous sections reviewed quantum experiments that involve macroscopic distances such
that relativistic effects from the Earth’s gravitational field on quantum properties are becoming
detectable. For example, in Section 2.1 we discussed proposals to distribute entanglement be-
tween Earth and satellite based stations and, in Section 2.2, we reviewed how quantum clocks
are reaching a precision such that relativistic effects could, in principle, be detected over macro-
scopic distances of the order of centimeters. With further developments, these experiments will
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effectively be able to probe low-energy consequences of quantum gravity where matter is quan-
tized but the gravitational field in which they move is, to a very good approximation, described
by GR. This regime is expected to be well-described by QTFCS and so, if observed effects are
not in agreement with this theory’s predictions, then this would challenge our current percep-
tions of gravity at the quantum scale. So far we’ve only been able to test how Newtonian gravity
affects quantum systems, and this has been in agreement with our expectations [22, 28].
This approach to investigating quantum gravity in the lab is in contrast to that where one
would attempt to probe microscopic (Planck length) effects of gravity by, for example, sending
elementary quantum particles to Planck scale energies. Instead, rather than taking gravity to
microscopic regimes where the quantum world dominates, the experiments reviewed in the previ-
ous sections are bringing quantum systems to our macroscopic world where gravity dominates.
In these experiments, quantum systems are brought to length scales where the effects from
Earth’s gravitational field are enhanced.3 However, another way to enhance gravitational effects
is to increase the rest mass of the quantum system. One could then, in principle, measure the
gravitational field generated by a quantum system in the lab. In particular, this would enable
an experiment to measure the gravitational field that is generated by a quantum system in a
spatial superposition. From a quantum gravity point of view this should create a superposition
of gravitational fields so that a nearby quantum system would be put into a superposition of
motions [58]. Measuring this system would, therefore, inform us about a quantum theory of
gravity. In particular, it could rule out theories in which gravity is predicted to be fundamen-
tally classical and not quantum, since, in this case, the second quantum system would not be
placed into a superposition of motions.
The notion that gravity is fundamentally classical, or emergent, has been growing in popularity in
recent years with proponents pointing to the fact that the quantization procedure that has been
successfully applied to the other forces cannot be straightforwardly applied to GR. Furthermore,
it is argued that, perhaps because gravity is not really a force according to GR but instead a
manifestation of the curvature of spacetime, or perhaps because it is inherently non-linear in
contrast to quantum theory and electromagnetism, no theory of quantum gravity exists in nature.
Such a fundamental view of gravity where matter is quantized but gravity remains classical
cannot be described by QFTCS since this theory neglects the gravitational field generated by
a quantum system. Instead the most natural option would be to extend QFTCS so that the
gravitational field depends on the expectation value of the energy-momentum tensor of the
quantum state. That is, QFTCS would be extended with the semiclassical Einstein equations,
which is a theory of semiclassical gravity that is usually considered to be a possible effective
theory of quantum gravity at low-energies rather than a fundamental description of gravity.
Since the classical gravitational field depends on the wavefunction of a quantum system in this
theory, by taking on a more fundamental nature, the theory would require the wavefunction to
be interpreted as a real object and the classical gravitational field to be non-continuous [58].
It is also potentially inconsistent with observation within a certain interpretation of quantum
theory [59] and plagued by superluminal signalling [60], although this might be avoided if it
can be combined with a mechanism of gravitationally induced collapse of the wavefunction [60,
61].
By measuring the gravitational field of a quantum system in a spatial superposition one should
be able to rule out this semiclassical theory of gravity as a fundamental description of gravity
interacting with the quantum world. Unfortunately, performing this experiment is extremely
challenging since, on the one hand, the gravitational field of small masses is difficult to detect
and, on the other hand, the larger the mass of the system the more difficult it is to prepare
in a spatial superposition. However, there has been significant experimental progress on both
3Even the quantum clock experiments of Section 2.2 are working at macroscopic scales but the length scales
(cms) are much smaller than those of the experiments in Section 2.1 due to their precision.
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sides of this problem in recent years, particularity with increasing the mass of systems in a
superposition of states. The current mass record for an object placed in a spatial quantum
superposition over distances comparable to its size is 10,000 AMU, which was demonstrated
in macromolecule interferometry [62, 63]. There has also been considerable interest in recent
years in whether the use of levitated quantum nano-mechanical oscillators could significantly
improve this mass record [64–67]. Quantum objects with masses as large as 1011 and 1013
AMU have been prepared but so far the delocalizations achieved have been much smaller than
their size [68–71]. However, proposals exist to significantly extend the delocalization of such
systems. For example, in [67] it is argued that, in principle, a micron-sized superconducting
sphere of mass 1013 AMU could be prepared in a spatial superposition of the order of half a
micrometer. A principle aim of all these experiments investigating massive quantum systems
is to determine if QM can be taken to macroscopic scales or whether it breaks down at some
point due to, for example, a fundamental objective modification that results in a non-unitary
evolution of the system and an effective collapse of the wavefunction. In fact it has been
suggested that such a process could be required for gravity to be reconciled with QM [72–75],
with motivation coming from, for instance, the non-linearity of GR or the potential granularity
of spacetime. In particular, QFTCS with the semiclassical Einstein equations, and its non-
relativistic counterpart the Schro¨dinger-Newton equation, have inspired gravitationally induced
collapse mechanisms [75–78]. More quantum gravity-like scenarios have also been suggested, such
as predictions that the wavefunction cannot be sustained in a superposition if the gravitational
self-energy of the difference between the states is greater than the Planck energy [75], or if
gravitational fluctuations from granularity of spacetime or the cosmic micro-wave background
may be responsible [79]. Furthermore, low-energy QM in the presence of the Earth’s gravitational
field, but with no additional extensions, has been considered, with an inherent decoherence
process originating from time dilation [43].
It is possible that micro-mechanical devices could also help with the other side of the experimen-
tal challenge: measuring the gravitational field of very small masses [80, 81]. In particular, in
[81] a proof-of-principle experiment was outlined where a micro-mechanical device is resonantly
driven by the gravitational field generated by a nearby oscillating source mass of just a few
grams. This source mass would be around three orders of magnitude smaller than what has
been measured so far. However, although this would represent substantial progress, there is still
some way to go before the mass scale begins to close in on what can be put into a superposition.
Therefore, a top-down approach has been taken and the initial objective of this mechanical setup
is to measure Newton’s constant G.4 This constant currently has the greatest uncertainty of all
the fundamental constants with different groups obtaining values that are outside each other’s
error bars. A revolutionary new way of measuring G may, therefore, provide information on why
the measurements differ so wildly and enable better characterization of the systematic errors in
these measurements.
Although the objective of this experimental approach is to measure effects that can be accounted
for by, at first classical, and eventually quantum, Newtonian gravity, the incredible precision of
these setups, and their expected rapid progress, potentially opens up the possibility to measure
relativistic effects of gravity. So far GR has only been tested with astronomical source masses,
such as the Earth and far-away stars and galaxies, whose motion we have no control over.
However, laboratory based experiments would provide completely new tests of GR since they
would offer control over the motion and properties of the source mass. By further using quantum
systems as test masses, one might then be able to measure relativistic effects on certain quantum
properties in a highly controlled setting.
4A levitation version of this experiment using two cold superconducting spheres moving along parallel magnetic
waveguides has also been considered in [67]
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2.7 Quantum Experiments Probing the Dynamical Casimir Effect
If the boundary conditions, dispersion law, or background of a quantum field are quickly varied
in time such that the system is unable to adiabatically follow the instantaneous ground state,
then correlated pairs of excitations are created out of the vacuum state. This is the DCE [82, 83],
which is a clear relativistic effect and is typically described in terms of the production of photons
from the electromagnetic vacuum between two mirrors when one of the mirrors undergoes a rapid
acceleration. This effect has received numerous theoretical studies since its incarnation but it has
only recently received experimental tests.This is principally because, in its typical formulation,
the rate of photon production is only non-negligible when the acceleration is extremely large,
which makes the use of massive mirrors particularly challenging [30, 84]. However, the DCE is
not just restricted to this setup of moving mirrors, and this has led to a number of alternative
experimental proposals.
In 2011, the DCE was observed for the first time by modulating the electrical properties of a cav-
ity [2]. The system consisted of a coplanar waveguide (CPW) terminated by a superconducting
quantum interference device (SQUID), and the boundary conditions were rapidly changed by
modulating the inductance of the SQUID. The changing inductance can be described as a change
in the electrical length of the transmission line and provides the same time-dependent bound-
ary condition as the idealized moving mirror [83, 85]. The effective boundary can be changed
rapidly enough in this case such that photon production from the vacuum is experimentally
detectable.
In the same year, the DCE was also demonstrated using a Josephson metamaterial consisting of
an array of 250 SQUIDs embedded in a microwave cavity [86, 87]. In this setup the background
in which the field propagates was quickly changed in time by periodically changing the index
of refraction, resulting in the generation of quantum-correlated photons from the vacuum. This
experiment and that of [2] have demonstrated the potential power of utilising relativistic effects
in quantum information tasks, which is discussed further in Section 5. However, in order to use
these effects for quantum computing, more complex states need to be generated [88]. Recently,
a step towards this has been performed by generating coherence as well as squeezing correlations
in tripartite states by double parametric pumping of a superconducting microwave cavity in the
ground state [88]. Furthermore, in [89] continuous variable Gaussian cluster states where consid-
ered to be generated by simulating relativistic motion in superconducting circuits. Proposals for
simulating the DCE in other systems have also considered. In particular, an acoustic analogue
of the DCE was investigated in a BEC but the temperature was too high to observe quantum
effects [90].
As well as paving the way for quantum information tasks based on the DCE and similar processes,
these experiments have also demonstrated the potential of SQUIDs and BECs for simulating
effects of curved spacetime on quantum properties since the equivalence principle links accel-
erations and gravity. Proposals for experiments that simulate QFTCS effects in this way are
discussed further in Section 4.
3 Quantum Field Theory in Curved Spacetime
In this section we briefly review QFTCS and introduce the motivating factors behind using
this framework to analyse experiments that are approaching relativistic regimes, such as those
reviewed in Section 2.
12
3.1 Background
Quantum Field Theory (QFT) is currently our best attempt at merging special relativity and
quantum physics into a coherent framework, and QFTCS represents the first step in extending
this highly successful theory to curved spacetime [91]. In QFTCS, matter obeys QFT but the
spacetime in which the quantum field of matter propagates is classical and is not affected by it.
That is, spacetime is taken to obey the rules of GR but with its curvature pre-assumed and not
influenced by quantum matter, whereas matter obeys QFT but is influenced by the curvature of
the classical spacetime. This theory is expected to offer an effective description of the interplay
of quantum physics and GR at low-energies i.e. below the Planck scale, and is therefore a
limiting case of quantum gravity. Predictions of this theory, such as the Hawking effect [92, 93]
and particle creation from an expanding Universe [94, 95], are among the most dazzling and
challenging of modern physics, and in the past few decades an overwhelming amount of research
has been dedicated to understanding how to demonstrate these predictions. This has principally
included astrophysical and cosmological studies but there has recently been a growing interest
in complementing these studies with laboratory based setups. As yet there have been no direct
measurements of QFTCS but quantum experiments operating at relativistic gravity regimes
offer hope that such tests could be realized in the near future.
3.2 Motivation
The quantum experiments that were reviewed in Section 2, with the exception of those in Sec-
tion 2.7, are all based on non-relativistic QM. That is, their dynamics are described by the
Schro¨dinger equation, which is inherently non-relativistic. However, as these experiments ap-
proach relativistic regimes, it will be appropriate to describe these systems in terms of QFT and,
as relativistic gravity becomes relevant, in terms of QFTCS. Experimental signatures of QFTCS
will then enable us to learn about the effects of gravity and motion on quantum resources, such
as entanglement, at low-energies. From this we can also formulate predictions about how the
performance and precision of future technologies will be modified by relativistic effects. Such
effects will need to be corrected for or new methods must be found to minimize them. Re-
cently there have been a number of theoretical studies that have analysed how the notion of
relativistic gravity can affect the performance of certain quantum technologies. In particular,
corrections due to relativistic effects have been analysed using QFTCS for quantum technologi-
cal systems that involve long-range quantum communication protocols, quantum teleportation,
and quantum clocks. Section 4 reviews these recent theoretical studies.
3.3 QFTCS in Experiments and Technology
Observing influences of QFTCS effects on quantum technologies would provide the first mea-
surements of QFTCS and would thus give credence to effects such as Hawking radiation. As
well as providing corrections to existing non-relativistic protocol designs, our improved under-
standing of these effects could also open up the possibility for developing new technologies that
are not only compatible with the notion of spacetime but also directly exploit relativistic effects
to improve their capabilities. Examples of such relativistic quantum technologies have been
developed by applying Quantum Information Theory (QIT) techniques to QFTCS. These pro-
posed technological devices include an accelerometer; a device that can measure gravitational
properties of the Earth; and a GW detector. Section 5 is dedicated to reviewing these proposed
relativistic quantum devices.
These new spacetime probes could also be used to explore the overlap of quantum physics and
GR, potentially providing experimental insights into quantum gravity. A significant advantage
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that these experiments offer over astrophysical and cosmology searches for signatures of quan-
tum gravity is that they would be based in a laboratory, providing a controlled setting and
repeatability. Observations of QFTCS effects in these laboratory-based experiments would also
offer direct tests of QFTCS in contrast to any astrophysical or cosmological studies as well as
analogue gravity experiments where only analogue effects can be seen [96]. On the other hand,
any violation of QFTCS would offer a tantalising signature of the need for a radically new
approach to quantum gravity.
4 Relativistic Effects of Gravity on Quantum Properties
In this section we review recent studies that have utilized a QFTCS framework to show that the
performance of a range of existing quantum technologies will be modified by relativistic effects
of gravity. Such quantum technologies include long-distance quantum communication protocols
that use and don’t use entanglement, as well as quantum clocks. These are all reviewed in
Sections 4.1-4.3.
4.1 Gravity and Motion Affect Entanglement
In [97], a quantum information experiment was theorized that involves the entanglement of two
scalar quantum fields. Each scalar field is placed in a cavity and the full system is initially
prepared in the maximally entangled Bell state |ψ〉 = (|0〉|0〉 + |1〉k|1〉k)/
√
2 where |0〉 denotes
the vacuum and |1〉k denotes the one-particle state of mode k. After the experiment is prepared,
one of the cavities undergoes a non-uniform acceleration for a certain period of time, and this
period of non-uniform acceleration was found to cause the entanglement between the cavities to
degrade. The origin of this loss in entanglement is in fact the same physical mechanism as the
particle generation in the dynamical Casimir and Unruh-Hawking radiation effects. That is, it
is a purely QFTCS effect.
This theoretical experiment illustrates how quantum information protocols that involve entan-
glement, such as quantum teleportation, can be affected by non-uniform accelerations5 and, in
principle, from the equivalence principle, by changing gravitational fields. Scenarios of this type
are, therefore, relevant to the types of experiments reviewed in Section 2.1 where the quantum
communication and teleportation protocols take place over large distances where the gravita-
tional field of the Earth is non-constant. It is also relevant to the type of experiments discussed
in Section 2.3 that are proposed to measure gravitational effects using entangled systems. Al-
though presently unobservable in these quantum technology experiments, as they become more
precise, and as the distances involved increase, this degradation in entanglement will become
more relevant to their operation. However, these quantum experiments are not designed to look
for such effects. Instead they are devised to advance quantum technology. Therefore, it is pos-
sible that, if experiments are purposely designed such that these QFTCS effects are enhanced,
degradation in entanglement could be observed for non-uniform accelerations or gravitational
fields using current technology. Such an experiment was proposed in [100] where it was shown
that, by entangling the phononic modes of two BECs that are placed in two separate satellites,
the entanglement would be degraded to an observable degree if one of the satellites subsequently
moved to a new orbit. An illustration of this experiment is presented in Figure 4.1. The reason
that this effect is predicted to be currently observable using BECs and not, for example, with
a cavity of light, is that the speed of propagation of phonons of BECs is considerably smaller
than that of light [100].
5For uniform accelerations see e.g. [98, 99]
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Figure 1: Experiment proposed in [100]. Two BECs inside separate satellites are entangled while both
are in the same circular LEO orbit. One of them then undergoes an acceleration for a finite time in
order to change to a different circular orbit, which translates in a change of gravitational field felt by
the satellite during this process. The entanglement between the BECs is found to be degraded to an
observable level.
The effects of relativistic motion on quantum teleportation can also be simulated in the labora-
tory using experiments based on superconducting resonators with tunable boundary conditions
[101]. The superconducting experiments reviewed in Section 2.7 proved the relation between a
single SQUID and a relativistically moving mirror. To simulate a relativistically moving cavity,
one instead has to use two SQUIDS [101]. The experimental platform implemented in this case
consists of arrays of hundreds of SQUIDs, and the refractive index for the microwave photons can
be controlled externally by bias magnetic fields applied to the SQUID loops. Therefore, with
appropriate sample design, the effective spacetime metric of the photonic excitations can be
modulated either locally (below the wavelength size) or globally. By simulating accelerations of
a quantum field cavity, and thus gravitational fields, it was shown that the relativistic effects on
a quantum teleportation protocol would be sizeable for realistic experimental parameters.
4.2 Gravity and Motion Affect Quantum Communication Protocols
Experiments and proposals were reviewed in Section 2.1 that send pulses of light from the Earth
to a satellite in a quantum communication protocol that could one day be used for a global
quantum communications network. Treating this protocol within a QFTCS framework, it has
been shown that the photons, which are never monochromatic in practice and so are modelled
as peaked wavepackets, are red-shifted and thus lose energy as they travel through the Earth’s
non-uniform gravitational field [102]. The satellite will, therefore, receive a wavepacket with
a different frequency distribution to the one prepared and sent from the Earth. That is, as
illustrated in Figure 2, the quantum communication scheme will differ from one performed in
flat spacetime. In [103], these relativistic effects were also taken into account in a scheme for
near-Earth orbit satellite-based quantum clock synchronization.
4.3 Gravity and Motion Affect the Precision of Quantum Clocks
As reviewed in Section 2.2, clocks that are based on the optical transitions of ions or neutral
atoms in optical lattices are achieving unprecedented levels of precision and accuracy. Current
designs of quantum clocks are formulated within the framework of non-relativistic QM, and the
measured relativistic effects such as time dilation can be explained by treating the clocks as point-
like classical systems. However, according to QFTCS, as clocks that exploit quantum properties,
such as entanglement, become more precise then relativistic effects on quantum properties will
need to be taken into account, and such modifications cannot, in practice, be accounted for by
15
Figure 2: A quantum communication protocol performed between the Earth and a satellite. Here Alice,
located on Earth, prepares and sends photons to Bob who is located on a satellite. The photon that is
created by Alice has certain characteristics, such as peak frequency and bandwidth, that change once the
photon is received by Bob since he at a different gravitational potential to Alice. Figure taken from [102].
purely classical or non-relativistic quantum frameworks. This was illustrated in [104], which
considered a quantum field description of a quantum clock. In this case a single mode of a scalar
quantum field constrained to a cavity was used to model a clock, with the phase of the mode
used as the pointer of the clock.6 This fundamental model is both necessarily quantum and
relativistic. That is, all quantities are compatible with Lorentz invariance and the notions of
probability. Furthermore, its motion through spacetime can be properly described. For example,
for uniform acceleration it was found that the rate of the cavity clock would be modified. This
is due to the fact that, unlike previous studies which assumed the clock to be point-like, in this
approach the clock has a length and different points in the cavity experience different proper
times. This effect can be understood classically. However, for changes in acceleration there is an
additional phase shift due to mode-mixing and particle creation, which affects the precision of
the clock and is a purely QFTCS effect. Using the equivalence principle it was argued that the
precision of the clock should also be affected by non-uniform gravitational fields. Since in realistic
settings a gravitational field is never stationary due to local effects such as seismic activity, this
loss in precision would have to be accounted for in an ultra-precise quantum clock.
In [104] it was shown that these results could, in principle, be simulated in the laboratory using
superconducting quantum circuits. Furthermore, by implementing two clocks with supercon-
ducting circuits, one would also be able to simulate the twin paradox scenario with velocities as
large as a few percent of the speed of light [105]. Such velocities would allow one to investigate
QFTCS effects, and theoretical results indicate that the time dilation in the paradox is altered
due to quantum particle creation and for different cavity lengths [105].
5 Using Quantum Properties to Measure Relativistic Effects
of Gravity
The previous section considered how relativistic effects of gravity can modify current quantum
technologies such that their performance is degraded, requiring corrections to be made to their
predicted outcomes. In this section we instead look at the potential benefits of the relativistic
effects. An immediate possibility is to exploit the observations of relativistic effects on quantum
properties to measure certain aspects of spacetime. This notion has culminated in the creation
6A more rigorous description of such a QFT clock is expected soon where the measurement readout of time
will be taken into account.
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of a new research field, relativistic quantum metrology, which investigates how devices based on
QFTCS can be used to study the relativistic nature of spacetime and how these new quantum
devices can enhance measurements of certain properties of spacetime.
5.1 Relativistic Quantum Metrology
In quantum metrology, quantum properties are exploited to achieve greater statistical precision
than purely classical strategies when determining a parameter of the system that is not an
observable [106]. Examples of such parameters include temperature, time, acceleration, and
coupling strengths. As with any measurement strategy, we can divide the process into the
following phases: input of the initial state, evolution through a channel, and measurement of
the output state. The parameter to be estimated typically controls the evolution of the input
state and is encoded in the output state. One then looks for the most optimal measurement
strategy achievable such that the error in the estimation process is minimized.
In classical physics, the error of a measurement can, in general, scale at most as 1/
√
MN on
average, where N is the number of input probes used in each estimation process, and M is the
number of times this estimation process is repeated. This scaling is just a consequence of the
central limit theorem. However, it has been shown that the ‘quantumness’ of physical states
and resources, such as entanglement, can be exploited in order to achieve what is known as the
quantum or Heisenberg scaling 1/(
√
MN) where N is, for example, the number of entangled
input probes used in each estimation process, and M is again the number of times this process
is repeated [107]. There is, therefore, an enhancement by a factor of
√
N in the quantum case,
and the overall scaling is a consequence of the Heisenberg uncertainty relation. This improved
scaling can become extremely advantageous when the available number of input probes is high,
and provides a signature of genuine quantum effects.
Quantum metrology is being investigated in advanced technological proposals aimed at ultra-
precise measurements of gravity such as the gravitational potential and the detection of GWs
[52, 108, 109]. These systems have been designed using non-relativistic QM and thus utilize
non-relativistic quantum properties. However, recently quantum metrology has been applied to
the field of QFTCS to create a new line of research ‘relativistic quantum metrology’ that investi-
gates measuring spacetime quantities such as relative distances, proper times and gravitational
field strengths by exploiting relativistic effects on quantum systems [3, 110–113]. Excitingly,
this has lead to the development of novel ‘relativistic’ quantum devices that, in certain cases,
appear to improve upon the precision of their non-relativistic counterparts [3, 114]. Proposed
relativistic quantum devices include an accelerometer [3]; a GW detector [114]; and a device
that can measure Schwarzschild properties of the Earth [115, 116], which are all reviewed in the
following subsections. Other investigations include how two entangled atoms could be used to
detect spacetime curvature through the Casimir-Polder interaction [117], how entanglement can
enhance the precision of the detection of the Unruh effect using accelerated probes [118–120],
and how the expansion rate of the universe in the Robertson-Walker metric for Dirac fields can
be estimated [121].
5.1.1 Measuring Schwarzschild Properties of the Earth
Using relativistic quantum metrology techniques, it has been demonstrated that the effects of
gravity on propagating wavepackets can be utilized to measure the Schwarzschild radius of the
Earth, the angular momentum of the Earth, or the relative distance between the Earth and a
satellite [115, 116]. In this scheme a wavepacket of light is sent from the Earth to a satellite and
the parameters of interest are estimated from comparing the wavepacket’s final state to the state
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of a wavepacket that has not undergone the trajectory. This is made possible because, due to
QFTCS effects, the background curvature becomes imprinted in the propagating photon or light
pulse. The effects of spacetime on the photon can then be treated as a channel and one is able
to employ a relativistic quantum metrology scheme to estimate the desired parameters. A lower
bound is obtained on the error of the estimation that depends on the spacetime parameters,
the number of times the processes is repeated, and on the squeezing that can be chosen for
the initial state. Given the amount of interest in space-based quantum protocols, and the rate
of development of the technologies [7], it is conceivable that experiments of this kind will be
feasible within the next decade.
5.1.2 An Accelerometer
In a BEC, phonons propagate on an effective metric created by the condensate [3]. However,
as well as depending on BEC parameters such as condensate density and velocity flows, this
effective metric also depends on the real spacetime metric [122, 123]. In fact it depends on the
real metric in a conformal way such that, if the velocity flows are neglected, the phonons behave
like unpolarized photons propagating in a relativistic field but at a highly reduced velocity. In
[3] this was utilized to demonstrate that, by oscillating the BEC, phonons will be created in a
dynamical Casimir-like process. However, unlike for a electromagnetic cavity, the frequencies of
oscillations required to create measurable effects are very small, being that of typical phonon
frequencies i.e. 10-1000 Hz. By creating a squeezed state of the phonons, allowing the phonons
to freely propagate for a period of time, and then measuring the final state, one is able to
apply relativistic metrology techniques to obtain an estimate on the non-uniform motion of the
cavity. This, therefore, enables the design of a BEC accelerometer, and plans are currently
under way to also design a BEC gravimeter using similar principles. Intriguingly, by comparing
the accuracy of this relativistic device to the state-of-the-art, an improvement by two orders of
magnitude is observed , demonstrating the potential in exploiting relativistic effects on quantum
properties.
5.1.3 A Gravitational Wave Detector
The proposal for the accelerometer reviewed in the previous section used the fact that real
spacetime distortions can create phonons of a BEC. From the equivalence principle, it should, in
principle, also be possible to use this in the design of a quantum gravimeter and a GW detector.
The latter was illustrated in [114] where it was shown that GWs will resonate with modes of the
phononic field. Since phonons can have frequencies of order 10-1000 Hz in BEC experiments,
the GWs that could, in principle, be detected would be those with a similar frequency range.
Such GWs are predicted to be generated by the merging of binary neutron stars and black
holes systems, as well as potentially from continuous sources such as rotating neutron stars or
pulsars. The frequency range of 10-1000 Hz overlaps with that of LIGO, and initial calculations
using relativistic quantum metrology suggest that the strain sensitivity could be at least, in
principle, comparable to aLIGO. The detector proposed in [114] would also be considerably
smaller, cheaper, and simpler to build than current laser interferometers that can detect GWs.
Among other benefits, this would enable many experimental groups to employ GW detectors,
allowing for better determination of true GW signals through near-simultaneous measurements
and precise positioning of the source of the signals.
Note that the GW detectors described in Section 2.5 that are also based on BECs are designed
using a fundamentally different concept to the GW detector described here, and work in a
completely separate frequency regime. These are atom interferometers and make use of non-
relativistic QM and phase estimation techniques applied to the condensate atoms such that one
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can, in principle, detect GWs with frequencies between 10−5 to 10−2 Hz with strain sensitivities
of the order of 10−18 Hz−1/2. In contrast, the GW detector described here uses state discrimina-
tion techniques applied to the phononic excitations of the BEC in a QFTCS description, which,
in principle, should allow for strain sensitivities of the order of 10−27 Hz−1/2 [114]. Furthermore,
whereas the frequency range of the GWs detected by the atom interferometers correspond to
waves generated by small mass binary systems, the GW detector described here could, theoreti-
cally, detect GWs in the kHz regime, which would deepen our understanding of neutron stars by
gathering the information necessary to describe their equation of state. This information would
further our understanding of the origins, evolution and extent of our universe since it would
enable cosmologists to compute distances that are key in the study of the cosmological constant
and of dark matter.
6 Conclusion
Quantum experiments have undergone extraordinary developments in recent years. These ex-
periments are constantly probing and pushing science into new and unknown territories, such
as investigating entanglement over terrestrial distances and superpositions over macroscopically
sized objects. Excitingly, the constant progress provided by the successful accomplishments of
these experiments implies that they are rapidly approaching a regime in fundamental physics
that has yet to be explored. This is the regime in which general relativistic effects of gravity will
begin to influence quantum properties such as entanglement. The fact that quantum experi-
ments are starting to approach such a regime is most clearly illustrated by the experiments that
are attempting to prepare an entangled state between an Earth based station and a satellite
for proof-of-principle experiments of a global quantum communications network. Here distances
are being used where GR already has to be taken into account in classical technology such as
GPS.
In this article we have reviewed the current types of quantum experiments that are beginning
to approach this relativistic regime, and have emphasized that the most appropriate theory for
describing such experiments will be QFTCS. As reviewed in Section 4, recent work that has
applied QFTCS to QIT has shown that relativistic effects of gravity can have a detrimental
impact on the performance of such quantum devices, requiring corrections to be made in the
predicted outcomes of quantum experiments. However, as discussed in Section 5, rather than
just having a negative impact, these relativistic effects can also be exploited to design quantum
devices that can directly measure spacetime effects. One such promising quantum device is a
GW detector that is built from a BEC and operates in the high frequency regime where one
expects to see binary black hole and neutron star mergers as well as, in principle, rotating
neutron stars and pulsars. Amazingly, this would mean that relativistic effects could be seen in
an object the size of just micrometers. As reviewed in Section 5.1, this GW detector is just one
example of how QFTCS can be utilized to develop new microscopic quantum devices capable of
probing spacetime. Technology of this kind could, in principle, provide deeper insights into our
Universe through gravitational interaction.
In summary, we expect to soon be embarking upon a new revolution in physics where we will
observe the interplay of the quantum world and GR for the first time. Rather than investigating
GR at small distances, which would require huge advancements in technology, this interplay
would involve classical GR affecting quantum properties in a laboratory setting. The effects
must be predictions of a limiting case of quantum gravity, and QFTCS is currently our best
attempt at this. Observing predictions of QFTCS could, therefore, provide guidance for theories
of quantum gravity and the microscopic structure of spacetime.
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